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FOREWORD

A short history of the development of the prediction methods in this Technical
Note will permit the reader to compare them with earlier procedures. Some of these
methods were first reported by Norton, Rice and Vogler [1955]|. Further development of
forward scatter predictions and a better understanding of the refractive index structure of
the atmosphere led to changes reported in an early unpublished NBS report and in NBS
Technical Note 15 [Rice, Longley and Norton, 1959}, The methods of Technical Note 15
served as a basis for part of another unpublished NBS report which was incorporated in
Air Force Technical Order T.O, 31Z2-10-1 in 1961. A preliminary draft of the current
technical note was submitted as a U, S, Study Group V contribution to the CCIR in 1962,

Technical Note 101 uses the metric system throughout. For most computations
both a graphical method and formulas suitable for a digital computer are presented. These
include simple and comprehensive formulas for computing diffraction over smooth earth and
over irregular terrain, as well as methods for estimating diffraction over an isolated rounded
obstacle., New empirical graphs are included for estimating long-term variability for sev-
eral climatic regions, based on data that have been made available to NBS,

For paths in a continental temperate climate, these predictions are practically
the same as those published in 1961. The reader will find that a number of graphs have been
simplified and that many of the calculations are more readily adaptable to computer program-
ming. The new material on time availability and service probability in several climatic re-

gions should prove valuable for areas other than the U.S, A,

Note: This Technical Note consists of two volumes as indicated in the Table of Contents,

i1
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TRANSMISSION LOSS PREDICTIONS FOR
TROPOSPHERIC COMMUNICATION CIRCUITS

P. L. Rice, A, G, Longley, K. A, Norton, and A, P, Barsis

1. INTRODUCTION

This report presents comprehensive methods for predicting cumulative distributions
of transmission loss for a wide range of radio frequencies over any type of terrain and in sev-
eral climatic regions. Such quantitative estimates of propagation characteristics help to de-
termine how well proposed radio systems will meet requirements for satisfactory service,
free from harmiful interference. Thus they should provide an important step toward more ef-
ficient use of the radio frequency spectrum.,

The need for comprehensive and accurate prediction methods is clearly demonstrated
when measured transmission loss data for a large number of radio paths are shown as a func-
tion of path length. In figures I.1 to I.4 of annex I, long-term median values of attenuation
relative to free space for more than 750 radio paths are plotted versus distance. The ex-
tremely wide scatter of these data is due mainly to path-to-path differences in terrain pro-
files and effective antenna heights, Values recorded for a long period of time over a single
path show comparable ranges, sometimes exceeding 100 decibels. Such tremendous path-to-
path and time variations must be carefully considered, particularly in cases of possible in-
terference between co-channel or adjacent-channel systems.

The detailed point-to-point prediction methods described here depend on propagation
path geometry, atmospheric refractivity near the surface of the earth, and specified charac-
teristics of antenna directivity. They have been tested against measurements in the radio
frequency range 40 to 10,000 MHr (megacycles per second). Extension of the methods
to higher frequencies requires estimates of attenuation due to absorption and scattering of
radio energy by various constituents of the atmosphere.

Predictions of long-term median reference values of transmission loss are based on
current radio propagation theory. A large sample of radio data was used to develop the em-
pirical predictions of regional, seasonal, and diurnal changes in long-term medians. Esti-
mates of long-term fading relative to observed medians are given for several climatic regions
and periods of time, including some regions where few observations are available.

Predictions of transmission loss for paths within the radio horizon are Lased on geometric-
optics ray theory. For paths with a common horizon, Fresnel-Kirchoff knife-eage diffraction
theory is applied and extended to predict diffraction attenuation over isolated rounded obstacles.
For double horizon paths that extend only slightly beyond the horizon, a modification of the

Van der Pol-Bremmer method for computing field intensity in the far diffraction region is



used, For longer paths, extending well beyond the radio horizon, predictions are based on
forward scatter theory. Radio data were used to estimate the efficiency of scattering at var-
ious heights in the atmosphere. Where some doubt exists as to which propagation mechan-
ism predominates, transmission loss is calculated by two methods and the results are com-
bined.

Annex I includes a set of "standard!" curves of basic transmission loss and curves
showing attenuation below free space for earth space communications, prepared using the
methods described in the report, Such curves, and the medians of data shown on figures
I.1 to I.4, may serve for general qualitative analysis, but clearly do not take account of
particular terrain profiles or climatic effects that may be encountered over a given path.

Annex II supplements the discussion of transmission loss and directive antenna gains
given in section 2, This annex contains a discussion of antenna beam orientation, polariza-
tion, and multipath coupling loss.

Annex III contains information required for unusual paths, including exact formulas
for computing line-of-sight transmission loss with ground reflections, as well as modifica-
tions of the formulas for antenna beams which are elevated, or directed out of the great
circle plane. Sample calculations and analytic expressions suitable for use on a digital com-
puter are also included.

Annex IV reviews tropospheric propagation theory with particular attention to the
mechanisms of forward scatter from atmospheric turbulence, from layers, or from small
randomly oriented surfaces. References to some of the work in this field are included.

Annex V presents a discussion of "phase interference fading' as contrasted to ''long-
term power fading', provides a method for computing the probability of obtaining adequate
service in the presence of noise and/or interfering signals, and includes a brief summary

of ways to achieve optimum use of the radio frequency spectrum,

Figures are placed at the end of each section, and those which are not vertical
should be turned counter-clockwise. (The ordinate labels would be upside down if the usual
convention were followed.)

Previous Technical Notes in this series, numbered 95 to 103, describe tropo-
spheric propagation phenomena and siting problems [ Kirby, Rice, and Maloney, 1961],
certain meteorological phenomena and their influence on tropospheric propagation [ Dutton,
1961; Dutton and Thayer, 1961], synoptic radio meteorology [ Bean, Horn, and Riggs,
1962], techniques for measuring the refractive index of the atmosphere [ McGavin, 1962],
determination of system parameters [ Florman and Tary, 1962], performance predictions
for communication links [ Barsis, Norton, Rice, and Elder, 1961], and equipment charac-

teristics [ Barghausen, et al, 1963].



2. THE CONCEPTS OF SYSTEM LOSS, TRANSMISSION LOSS, PATH ANTENNA GAIN,
AND PATH ANTENNA POWER GAIN

Definitions have been given in CCIR Recommendation 341 for system loss, Ls' trans-
mission loss, L, propagation loss, I..p. basic transmission loss, I..b, path antenna gain.
G , and path antenna power gain, G P This section restates some of the definitions, in-
troduces a definition of "path loss', l;..o. illustrates the use of these terms and concepts,
and describes methods of measurement [Norton, 1953, 1959, Wait 1959). The notation used
here differs slightly from that used in Recommendation 341 and in Report 112 [CCIR 1963a, b].
For the frequency range considered in this report system loss, transmission loss, and propa-
gation loss can be considered equal with negligible error in almost all cases, because antenna

gains and antenna circuit resistances are essentially those encountered in free space.

2.1 System Loss and Transmission Loss

The system loss of a radio circuit consisting of a transmitting antenna, receiving an-
tenna, and the intervening propagation medium is defined as the dimensionless ratio, p;/p;,
where p; is the radio frequency power input to the terminals of the transmitting antenna and
p'a is the resultant radio frequency signal power available at the terminals of the receiving
antenna. The system loss is usually expressed in decibels:

= 1oty = P! P! 2.1
L_=10log (p!/p}) = P~ P! db (2.1)

Throughout this report logarithms are to the base 10 unless otherwise stated,

The inclusion of ground and dielectric losses and antenna circuit losses in Ls pro-
vides a quantity which can be directly and accurately measured. In propagation studies,
however, it is convenient to deal with related quantities such as transmission loss and basic
transmission loss which can be derived only from theoretical estimates of radiated power and
available power for various hypothetical situations.

In this report, capital letters are often used to denote the ratios, expressed in db,
dbu, or dbw, of the corresponding quantities designated with lower-case type. For instance,
in (2.1), P{ =10 log p; in dbw corresponds to p{ in watts.

Transmission loss is defined as the dimensionless ratio P, /pa, where P, is the
total power radiated from the transmitting antenna in a given band of radio frequencies, and
p. is the resultant radio frequency signal power which would be available from an equivalent

loss-free antenna, The transmission loss is usually expressed in decibels:

L= =) ~ - o
10 log (pt/pa) Pt Ligay I..s L., L db (2.2)

L =101 =
o og !, L, =10logt (2.3)



where l/let and l/!er as defined in the next subsection are power radiation and reception
effeciencies for the transmitting and receiving antennas, respectively. With the frequencies

and antenna heights usually considered for tropospheric communication circuits, these
efficiencies are nearly unity and the difference between Ls and L is negligible. With an-
tennas a fraction of a wavelength above ground, as they usually are at lower frequencies, and
especially when horizontal polarization is used, Let and Ler are not negligible, but are
influenced substantially by the presence of the ground and other nearby portions of the an-

tenna environment,

From transmitter output to receiver input, the following symbols are used:

Transmitter Power Total Available Power Available Power Available Power
Output Input to Radiated at Loss-Free at Actual at
Power Antenna Power Receiving Antenna Receiving Antenna Receiver Input

P - P! = =3 s ' -
it t pt pa pa p! r
—_— e i\
i - T #: Y o
L ' L |
it ' et - Lar ' Ly
! |
w _
=
L

It should be noted that th and L!r are conceptually different. Since plt and

P't represent the power observed at the transmitter and at the transmitting antenna, respec-

tively, L!t includes both transmission line and mismatch losses. Since P' and PI
a r

represent available power at the receiving antenna and at the receiver, mismatch losses must

be accounted for separately,since L includes only the transmission line loss between the

Ir
antenna and the receiver,



2.2 Available Power from the Receiving Antenna
The above definitions of system loss and transmission loss depend upon the concept
of available power, the power that would be delivered to the receiving antenna load if its

impedance were conjugately matched to the receiving antenna impedance. For a given radio

frequency v in hertz, Ilet zlv' z'v, and zv represent the impedances of the load, the

actual lossy antenna in its actual environment, and an equivalent loss-free antenna, res-

pectively:
Zy =rlv+1xlv (2.4a)
z! =r' +ix' (2.4b)
v v v
z =r +ix (2.4c)
v v v

where r and x in (2.4) represent resistance and reactance, respectively, Let Py, Tep-
resent the power delivered to the receiving ante..na load and write p::w and Py, respectively,
for the available power at the terminals of the actual receiving antenna and at the terminals

of the equivalent loss-free receiving antenna, If v'v is the actual open-circuit r.m.,s,

voltage at the antenna terminals, then

Vlv rlv
plv - 2 (2.5)
1)
Iz tz l
v v

*

When the load impedance conjugately matches the antenna impedance, so that z,, = z'v or

—~ =0 = 5o 3 8
T, =T and X, =X (2.5) shows that the power Py, delivered to the load is equal to
the power p;V available from the actual antenna:

p = (2.6)

Note that the available power from an antenna depends only upon the characteristics of the

antenna, its open-circuit voltage v'v, and the resistance r'v ,» and is independent of the load



impedance, Comparing (2.5) and (2,6), we define a mismatch loss factor

P'av ( r'v + r!v>2 + (x'v + xh> z
== (2.7)

Py 4r'r
v v

1 -
my

such that the power delivered to a load equals p;y/lmv . When the load impedance conju-

gately matches the antenna impedance, ‘mv has its minimum value of unity, and P, =

p'av' For any other load impedance, somewhat less than the available power is delivered to
the load. The power available from the equivalent loss-free antenna is
"
Pav "4r (2.8)

v

where \ is the open circuit voltage for the equivalent loss-free antenna,
Comparing (2.6) and (2, 8), it should be noted that the available power pE'” at the

terminals of the actual lossy receiving antenna is less than the available power P, = ‘ervp'av

for a loss~-free antenna at the same location as the actual antenna:

r'v
’ Pay v
-

erv p!

221 (2.9)
av r V
v v

The open circuit voltage v'y for the actual 1ossy antenna will often be the same as the open
circuit voltage v, for the equivalent 10oss-free antenna, but each receiving antenna circuit
must be considered individually,

Similarly, for the transmitting antenna, the ratio of the total power p{v delivered to

the antenna at a frequency v is letv times the total power Py radiated at the frequency v:

letv = p;v/ptv (2.10)
The concept of available power from a transmitter is not a useful one, and ‘etv for the trans-
mitting antenna is best defined as the above ratio, However, the magnitude of this ratio can
be obtained by calculation or measurement by treating the transmitting antenna as a receiving
antenna and then determining ‘etv to be the ratio of the available received powers from the
equivalent 1oss-free and the actual antennas, respectively,

General discussions of ‘erv are given by Crichlow et al [ 1955] and in a report pre-

pared under CCIR Resolution No. 1 [Geneva 1963c]. The loss factor lerv was successfully



determined in one case by measuring the power P, radiated from a loss-free target trans-
mitting antenna and calculating the transmission loss between the target transmitting antenna
and the receiving antenna. There appears to be no way of directly measuring either lerv or
1 . without calculating some quantity such as the radiation resistance or the transmission
loss. In the case of reception with a unidirectional rhombic terminated in its characteristic
impedance, lerv could theoretically be greater than 2 [Harper, 1941], since nearly half
the received power is dissipated in the terminating impedance and some is dissipated in the
ground. Measurements were made by Christiansen [1947] on single and multiple wire units
and arrays of rhombics, The ratio of power lost in the termination to the input power varied
with frequency and was typically less than 3 db,

For the frequency band v, to D it is convenient to define the effective loss fac-

1
tors L and L as follows:
er et

v

m
S‘V {d Pav/dv) dv
1
Ler = 10 log db (2.11)

v
m

Sv (d pz'”/dv) dv
1

14

m
S‘V (d p;v/dv) dv

!
L =
op = 10 log (2.12)

v
m

S (d P, v/dv) dv
‘1

The limits v‘ and vm on the integrals (2.11) and (2.12) are chosen to include es-
sentially all of the wanted signal modulation side bands, but Yy is chosen to be sufficiently
large and ¥ sufficiently small to exclude any appreciable harmonic or other unwanted radia-

tion emanating from the wanted signal transmitting antenna.



2.3 Antenna Directive Gain and Power Gain

A transmitting antenna has a directive gain gt(?) in the direction of a unit vector f if:
(1) it radiates a total of P, watts through the surface of any large sphere
with the antenna at its center, and
(2) it radiates 8, P, /(4w) watts per steradian in the direction r.
The same antenna has a power gain g;(?) in the direction F if:
(1) the power input to the antenna terminals is p; = letpt , and

{2) it radiates g;p;/(‘}w‘) watts per steradian in the direction r.

The antenna power gain g't is smaller than the directive gain 8, simply as a result

of the loss factor let' It follows that

G(f) = GI(F) + L_ (2.13a)

t
expressed in decibels above the gain of an isotropic radiator, Note that the antenna power
gain G;(P) is less than the antenna directive gain Gt(?) by the amount L . db, where the
e
power radiation efficiency 1/1 i is independent of the direction f.
e
The gain of an antenna is the same whether it is used for transmitting or receiving,

For a receiving antenna, the directive gain Gr(f-’) and power gain G;_(F) are related by

G(f)=GLUAH+L__. (2.13b)

The remainder of this report will deal with directive gains, since the power gains
may be determined simply by subtracting Let or Ler . The maximum value of a directive

gain G(f) is designated simply as G. As noted in Annex II, it is sometimes useful to divide

the directive gain into principal and cross-polarization components.
An idealized antenna in free space with a half-power semi-beamwidth § expressed

in radians, and with a circular beam cross-section, may be assumed to radiate x percent
of its power isotropically through an area equal to n6z on the surface of a large sphere of
unit radius, and to radiate {(100-x) percent of its power isotropically through the remainder
of the sphere. In this case the power radiated in the direction of the main beam is equal to
xp, /(100n62) watts and the maximum gain g is, by definition, equal to 4nx/(100n6z). One
may assume a beam solid angle efficiency x = 56 percent for parabolic reflectors with 10db
tapered illumination, and obtain g = 2, 24/62. The maximum free space gain G in decibels
relative to an isotropic radiator is then

G=101logg=3.50 -201log 6 db (2.14)
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If azimuthal and vertical beamwidths ZGW and Zéz are different:

6= f 5,5, (2.15)

The above analysis is useful in connection with measured antenna radiation patterns.

For antennas such as horns or parabolic reflectors which have a clearly definable
physical aperture, the concept of antenna aperture efficiency is useful, For example, the
free space maximum gain of a parabolic dish with a 56 percent aperture efficiency and a di-
ameter D is the ratio of 56 percent of its area to the effective absorbing area of an iso-

tropic radijator:

2
G= 10 log [0.561rD /4

> ]: 20 log D+ 20 log f - 42.10 db (2.16)
N /4n
where D and A are in meters and { is the radio frequency in megahertz, MHz.
Equations (2,14) and (2, 16) are useful for determining the gains of actual antennas only when
their beam solid angle efficiencies or aperture efficiencies are known, and these can be de-
termined accurately only by measurement,

With a dipole feed, for instance, and 10 < D/\ < 25, experiments have shown the fol-

lowing empirical formula to be superior to (2,16):
G=23.31log D+ 23.31log f-55.1 db (2.17)

where D is expressed in meters and {f in MHz,

Cozzens [ 1962] has published a nomograph for determining paraboleidal maximum
gain as a function of feed pattern and angular aperture, Discussions of a variety of commonly-
used antennas are given in recent books [J’asik, 1961; Thourel, 1960].

Much more is known about the amplitude, phase, and polarization response of avail-
able antennas in the directions of maximum radiation or reception than in other directions,
Most of the theoretical and developmental work has concentrated on minimizing the trans-
mission loss between antennas and on studies of the response of an arbitrary antenna to a
standard plane wave. An increasing amount of attention, however, is being devoted to maxi-
mizing the transmission loss between antennas in order to reject unwanted signals, For
this purpose it is important to be able to specify, sometimes in statistical terms, the
directivity, phase, and polarization response of an antenna in every direction from which
multipath components of each unwanted signal may be expected., Appendix II is devoted to
this subject,

For the frequencies of interest in this report, antenna radiation resistances r, at
any radio frequency v hertz are usually assumed independent of their environment, or
else the immediate environment is considered part of the antenna, as in the case of an
antenna mounted on an airplane or space vehicle.
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2.4 Polarization Coupling Loss and Multipath Coupling Loss

It is sometimes necessary to minimize the response of a receiving antenna to un-
wanted signals coming from a single source by way of different paths, This requires at-
tention to the amplitudes, polarizations, and relative phases of a number of waves arriving
from different directions. In any theoretical model, the phases of principal and cross-
polarization components of each wave, as well as the relative phase response of the receiving
antenna to each component, must be considered. Complex voltages are added at the an-

tenna terminals to make proper allowance for this amplitude and phase information.

In Annex II it is shown how complex vectors E and Er may be used to represent
transmitting and receiving antenna radiation and reception patterns which will contain ampli-
tude, polarization, and phase information [ Kales, 1951] for a given free-space wavelength,
A. A bar is used under the symbol for a complex vector E=:p + i:c, where i =+-1 and
—t;p, ?c are real vectors which may be associated with principal and cross-polarized com-
ponents of a uniform elliptically polarized plane wave,

Calculating the power transfer between two antennas in free space complex polariza-

tion vectors B(f) and _‘ér(-?) are determined for each antenna as if it were the transmitter

and the other were the receiver, Each antenna must be in the far field or radiation field

of the other:

per =eslel. pl-fr=esfe | (2.18)
e=ze tie ,e =e +ie {2.19)
- c’' -r pr cr

2 2. 2 2 2 2

EI = ep + e Erl = epr + L (2.20)

The sense of polarization of the field E is right-handed or left-handed depending on whether

the axial ratio of the polarization ellipse, a, is positive or negative:
a =e [e (2.21)
x c p
The polarization is circular if |e | = |e | and linear if e =0, where € = e e  is in the
P & c P PP
principal polarization direction defined by the unit vector GP.

The available power p, may be written as

pa = s(_r.) ae(-f) lﬁ . Erlz watts (2.22)
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s(r) = Elz/(z n,) el Jlcm > (2.23)

ae(-F) = gr(-i’) [)\Z/(Mr)] kmZ (2. 24)

where s(—r.) is the total mean power flux density at the receiving antenna, a (-f) is the ef-
e
fective absorbing area of the receiving antenna in the direction -f, and [ﬁ - P | Zis the po-
T
larization efficiency for a transfer of energy in free space and at a single radio frequency.

The corresponding polarization coupling loss is

- 2
L., = -101og - g [ av (2.25)
In terms of the axial ratios ax and a . defined by (II.15) and (II. 17) and the acute angle
\Pp between principal polarization vectors -e.p and —e.pr' the polarization efficiency may be
written as
cosZ\P (a a +1)Z+sinz¢ (a +a )Z
_ p X xr P X xr (2. 26)
2 2 ‘
+ +
(ax 1) (axr 1)

-5,

This is the same as (II. 29). Annex Il explains how these definitions and relationships are ex-
tended to the general case where antennas are not in free space,

There is a maximum transfer of power between two antennas if the polarization el-
lipse of the receiving antenna has the same sense, eccentricity, and principal polarization
direction as the polarization ellipse of the incident radio wave., The receiving antenna is
completely ''blind' to the incident wave if the sense of polarization is opposite, the eccen-
tricity is the same, and the principal polarization direction is orthogonal to that of the in-
cident wave. In theory this situation would result in the complete rejection of an unwanted
signal propagating in a direction -f. Small values of gr(-i’) could at the same time dis-
criminate against unwanted signals coming from other directions.

When more than one plane wave is incident upon a receiving antenna from a single
source, there may be a "multipath coupling loss' which includes beam orientation, polari-
zation coupling, and phase mismatch losses, A statistical average of phase incoherence ef-
fects, such as that described in subsection 9.4, is called "antenna-to-medium coupling loss,"
Multipath coupling loss is the same as the 'loss in path antenna gain, " Lgp' defined in the
next subsection. Precise expressions for Lgp may also be derived from the relationships

in annex II.
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2.5 Path Loss, Basic Transmission Loss, Path Antenna Gain, and Attenuation Relative to

Free Space

Observations of transmission loss are often normalized to values of 'path loss' by
subtracting the sum of the maximum free space gains of the antennas, Gt + Gr' from the

transmission loss, L. Path loss is defined as

Lo =L - Gt - Gr db. (2,27)

Path loss should not be confused with basic transmission loss. Basic transmission
loss, Lb' is the system loss for a situation where the actual antennas are replaced at the
same locations by hypothetical antennas which are:

(1) Isotropic, so that Gt(?) = 0 db and Gr(-F) = 0 db for all important propaga-
tion directions, ¥f.
(2) Loss-free, sothat L =0db and LL =0 db.
et er
(3) Free of polarization and multipath coupling loss, so that Lc = 0 db.
P

Corresponding to this same situation, the path antenna gain, Gp' is defined as the
change in the transmission loss if hypothetical loss-free isotropic antennas with no multi-
path coupling loss were used at the same locations as the actual antennas,

The transmission loss between any two antennas is defined by (2. 2):
L=P -P db
t a

where Pt dbw is the total power radiated from the transmitting antenna and Pa dbw is the
corresponding available power from a loss-free receiving antenna which is otherwise equiva-
lent to the actual receiving antenna,

Replace both antennas by loss-free isotropic antennas at the same locations, with no
coupling loss between them and having the same radiation resistances as the actual antennas,

and let Pa represent the resulting available power at the terminals of the hypothetical

b
isotropic receiving antenna. Then the basic transmission loss Lb' the path antenna gain

Gp' and the path antenna power gain Gpp' are given by

= o = 2.2
L,=P, =P, =L+G db (2.28)
= - = = 2.2
Gp P -P, =L -L db (2. 29a)
G =P' -P = - L db (2.29b)
PP a ab 8



In free space, for instance:

o A
= + - o

P, =P +G(f+GC (-F)-L_+20 log< - )dbw (2. 30a)

P =P +20log(—>—) dbw 2.30b

ab t 8\ dnr > (2. )
A special symbol, Lbf’ is used to denote the corresponding basic transmission loss in free

space:
Ly = 20 log<4:r>= 32.454+4 20 log f +20logr db (2.31)

where the antenna separation r is expressed in kilometers and the free space wavelength X\
equals 0,2997925/f kilometers for a radio frequency f in megahertz.

When low gain antennas are used, as on aircraft, the frequency dependence in (2. 31)
indicates that the service range for UHF equipment can be made equal to that in the VHF
band only by using additional power in direct proportion to the square of the frequency. Fixed
point-to-point communications links usually employ high-gain antennas at each terminal, and
for a given antenna size more gain is realized at UHF than at VHF, thus more than com-
pensating for the additional free space loss at UHF indicated in (2.31).

Comparing (2.28), (2.29), and (2,30}, it is seen that the path antenna gain in free
is

space, pr,

pr = Gt(i') + Gr(-r) - ch db (2.32)
For most wanted propagation paths, this is well approximated by Gt + Gr’ the sum of the
maximum antenna gains, For unwanted propagation paths it is often desirable to minimize
pr . This can be achieved not only by making Gt(F) and Gr(-i’) small, but also by using
different polarizations for receiving and transmitting antennas so as to maximize l_.c .

In free space the transmission loss is
L=L -Gp db (2433)

The concepts of basic transmission loss and path antenna gain are also useful for normalizing
the results of propagation studies for paths which are not in free space, Defining an "equiva-

lent free-space transmission loss', L as

f’

L =L .-G, (2.34)



note that Gp in (2.34) is not equal to Gt + Gr unless this is true for the actual propagation
path. It is often convenient to investigate the '"attenuation relative to free space', A, or

the basic transmission loss relative to that in free space, defined here as

A=L -L  =L-Ldb (2, 35)

This definition, with (2.34), makes A independent of the path antenna gain, G . Where
P
terrain has little effect on line-of-sight propagation, it is sometimes desirable to study A

rather than the transmissionloss, L.

Although G_ varies with time, it is customary to suppress this variation [ Hartman,
P

1963) and to estimate only the quantity

= = 2,36
Gpm me(50) L _(50) ( )
where L, (50) and L (50) are long-term median values of L. and L,
bm m b
Multipath coupling loss, or the 'oss in path antenna gain', Lgp' is defined as the
difference between basic transmission loss and path loss, which is equal to the sum of the

maximum gains of the transmitting and receiving antennas minus the path antenna gain:

L =L -L = + -
- b . Gt Gr Gp db (2.37)
The loss in path antenna gain will therefore, in general, include components of beam orienta-
tion loss and polarization coupling 10ss as well as any aperture-to-medium coupling loss that
may result from scattering by the troposphere, by rough or irregular terrain, or by terrain

clutter such as vegetation, buildings, bridges, or power lines.



2.6 Propagation Loss and Field Strength

This subsection defines terms that are most useful at radio frequencies lower than

those where tropospheric propagation effects are dominant.

Repeating the definitions of r and r' used in subsection 2.2, and introducing the new

parameter rf:

antenna radiation resistance,

-
n

resistance component of antenna input impedance,

=
n

r. r_. = antenna radiation resistance in free space,
r

where subscripts t and r refer to the transmitting antenna and receiving antenna, respec-

tively, Next define

Let = 10 log (r't/rt), Ler = 10 log (r‘r/rr) (2.38)

L. =10 log (ri/r ), L =10 log (r)/x) {2.39)
Lrt = 10 log (rt/rft) = Lft S Let (2.40a)
er = 10 log (rr/rfr) = Lfr - Ler (2.40b)

[Actually, (2,11) and (2.12) define L, and L_. while (2.38) defines T, and T given r't

d r'].
an rr]

Propagation loss first defined by Wait [1959] is defined by the CCIR
[1963a] as

L =L - - = - -
. g " Lg-Lp=L-L_-L_ db (2.41)

Basic propagation loss is

L. =L +G
o By G (2.42)

Basic propagation loss in free space is the same as the basic transmission loss in free space,

I defined by (2. 31).

bf’
The system loss Ls defined by (2.1) is a measurable quantity, while transmission loss

L, pathloss Lo' basic transmission loss Lb, attenuation relative to free space A, propa-

gation loss Lp' and the field strength E are derived quantities, which in general require a

theoretical calculation of Let, o and/or Lft, ¢ 25 well as a theoretical estimate of the loss

in path antenna gain L
RP



The following paragraphs explain why the concepts of effective radiated powet, E.R.P.
and an equivalent plane wave field strength are not recommended for reporting propagation data.
A half-wave antenna radiating a total of pt watts produces a free space field intensity

equal to

8 = 1.64 pt/(4'rrr2) wa.tta/kmZ (2.43)

at a distance r kilometers in its equatorial plane, where the directive gain is equal to its
maximum value 1.64, or 2.15db. The field is linearly polarized in the direction of the
antenna. In general, the field intensity ap at a point T in free space and associated with

the principal polarization for an antenna is

— -~ 2 2
sp( r)= P, gp(r)/(41rr ) watts/km (2. 44)

as explained in annex II. In (2.44), T=r? and gp(;) is the principal polarization direc-
tive gain in the direction T. A similar relation holds for the field intensity ac(-r') associated
with the cross-polarized component of the field.

Effective radiated power is associated with a prescribed polarization for a test antenna
and is determined by comparing s, as calculated using a field intensity meter or standard

signal source with sp as measured using the test antenna:

E.R.P. =P, +10log(s /s )= P + G, (r)) - 2.15 dbw (2. 45)

where ;l in free space is the direction towards the receiving antenna and in general is the
initial direction of the most important propagation path to the receciver.

This ambiguity in definition, with the difficulties which sometimes arise in attempting
to separate characteristics of an antenna from those of its environment, make the effective
radiated power E.R.P. an inferior parameter, compared with the total radiated power Pt,
which can be more readily measured. The following equation, with Pt determined from
(2.45), may be used to convert reported values of E.R.P. to estimates of the transmitter
power output P . when transmission line and mismatch losses L and the power radia-

1 14
tion efficiency lllet are known:

P =P'+Lt=Pt+Let+Lt dbw (2. 46)

The electromagnetic field discussed in annex II is a complex vector function in space
and time, and information about amplitude, polarization, and phase is required to describe
it. A real antenna responds to the total field surrounding it, rather than to E, which
corresponds to the r.m.s. amplitude of the usual "equivalent!" electromagnetic field,

defined at a single point and for a specified polarization.
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For converting reported values of E in dbu to estimates of plt or estimates of

the available power pIr at the input to a receiver, the following relationships may be use-

ful:
= -2 - 107.22 .47
P -E+L.l +Lf G +L] Ologf 0 dbw (2 4 )
8 o o + - - o 7.22 .
P E L Lf G L 20 logf 10 dbw (Z 48)
= L = - - W 9
PI P L P L L db (2.4 )

In terms of reported values of field strength E kw in dbu per kilowatt of effective
1
radiated power, estimates of the system loss, Ls' basic propagation loss Lpb' or basic

transmission loss I..b may be derived from the following equations,

Ly = 13937+ L +L, -G +G -G (F))+201logf - B~ db (2. 50)
Lp= 13937 - L 4G, -G (F)) +20logf - E ~ db (2.51)
L, = 13937+ L +G -G () +20logf - B, db (2.52)

provided that estimates are available for all of the terms in these equations.

For an antenna whose radiation resistance is unaffected by the proximity of its en-
vironment, L .- er = 0 db, Lft = Let’ and Lfr = Ler In other cases, especially impor-
tant for frequencies less than 30 MHz with antenna heights commonly used, it is often as-

sumed that L =L =3,01db, L =L +3.,0ldb, and L
rt rr ft et fr

to the assumption of short vertical electric dipoles above a perfectly-conducting infinite plane.

= Ler + 3.01 db, corresponding

At low and very low frequencies, Let' Ler' Lft' and Lfr may be very large. Propagation

curves at HF and lower frequencies may be given in terms of Lp or Lpb so that it is not

necessary to specify Let and Lcr

Naturally, it is better to measure Ls directly than to calculate it using (2.50). It
may be seen that the careful definition of Ls' Lp. L, or LO is simpler and more direct
than the definition of L.b, Lpb' A, or E.

The equivalent free-space field strength EO in dbu for one kilowatt of effective
radiated power is obtained by substituting P, = P = E.R.P. = 30 dbw, Gpt(;l)= G, = 2.15 db,

L, = Lt= 0 db, and Lpb= Lb in (2.45)-(2.47), where Lbi is given by (2.31):

1t f f

E = 106.92 -~ 20 logd dbu/kw (2.53)

where r in (2.31) has been replaced by d in (2.53). Thus e is 224.3 millivolts

per meter at one kilometer or 139.4 millivolts per meter at one mile. In free space, the



"'equivalent inverse distance field strength", EI’ is the same as Eo. If the antenna radia-

tion resistances r, and r_are equal to the free space radiation resistances T and

then (2.52) provides the following relationship between Ex and Lb with

Ter?

~ kw
Gpt(r l) =G

&
= . 2 - 2.
Eka 139.37 + 20 log{ Lb dbu/kw (2. 54)
Consider a short vertical electric dipole above a perfectly-conducting infinite plane, with
E.R.P. = 30 dbw, Gt = 1,76 db, and er= 3.01 db From (2. 45) Pt = 30.39 dbw, since
Gp (f,) = 1.76 db. Then from (2.52) the equivalent inverse distance field is

E =E +L_ +L_ =109.54-20logd dbu/kw (2. 55)

= 300 mv/m at one kilometer, or eI = 186.4 mv/m at one mile. In

and Lb is given by (2.52) as

corresponding to e

this situation, the relationship between Eka

E,, = 14238+ 20 logf - L, dbu/kw (2. 56)

The foregoing suggests the following general expressions for the equivalent free space field

strength Eo and the equivalent inverse distance field EI:
z - -2 5 2,
E/ (Pt Lrt + Gt) 0logd + 74.77 dbu (2.57)

E =E +L_+L_ dbu (2. 58)

Note that Lrt in (2.57) is not zero unless the radiation resistance of the transmitting
antenna in its actual environment is equal to its free space radiation resistance. The defi-
nition of '"attenuation relative to free space" given by (2.35) as the basic transmission

loss relative to that in free space, may be restated as

A=Lb-Lbf=L-Lf=EI-E db (2.59)

Alternatively, attenuation relative to free space, At' might have been defined (as it some-

times is) as basic propagation loss relative to that in free space:

At=Lpb-Lb£=A-Lrt—er=Eo-E db (2.60)

For frequencies and antenna heights where these definitions differ by as much as 6

db, caution should be used in reporting data. For most paths using frequencies above
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50 MHz, Lrt + er is negligible, but caution should again be used if the loss in path
antenna gain Lgp is not negligible. It is then important not to confuse the '‘equivalent'
free space loss Lf given by (2.34) with the loss in free space given by (2.33).

2-17



3. ATMOSPHERIC ABSORPTION

At frequencies above 2 GHz attenuation of radio waves due to absorption or scatter-
ing by constituents of the atmosphere, and by particles in the atmosphere, may seriously
affect microwave relay links, communication via satellites, and radio and radar astronomy.
At frequencies below 1 GHz the total radio wave absorption by oxygen and water vapor for
propagation paths of 1000 kilometers or less will not exceed 2 decibels. Absorption by
rainfall begins to be barely noticeable at frequencies from 2 to 3 GHz, but may be quite
appreciable at higher frequencies.

For frequencies up to 100 G Hz, and for both optical and transhorizon paths, this
section provides estimates of the long-term median attenuation Aa of radio waves by oxygen
and water vapor, the attenuation Ar due to rainfall, and the order of magnitude of absorp-
tion by clouds of a given water content. The estimates are based on work reported by
Artman and Gordon [ 1954 ], Bean and Abbott [ 1957 ], Bussey [ 1950 ], Crawford and Hogg
(1956 ], Gunn and East [1954 ], Hathaway and Evans [1959 ], Hogg and Mumford [1960],
Hogg and Semplak [1961], Lane and Saxton [1952], Laws and Parsons [ 1943 ], Perlat and
Voge [1953], Straiton and Tolbert [ 1960 ], Tolbert and Straiton [ 1957], and Van Vleck
(19472, b; 1951].

3.1 Absorption by Water Vapor and Oxygen

Water vapor absorption has a resonant peak at a frequency of 22.23 GHz, and oxygen
absorption peaks at a number of frequencies from 53 to 66 GHz and at 120 GHz. Figure
3.1, derived from a critical appraisal of the above references, shows the differential absorp-
tion Yoo and Yo in decibels per kilometer for both oxygen and water vapor, as deter-
mined for standard conditions of temperature and pressure and for a surface value of
absolute humidity equal to 10 grams per cubic meter. These values are consistent with
those prepared for the Xth Plenary Assembly of the CCIR by U.S. Study Group IV [1963d ]
except that the water vapor density is there taken to be 7.5 g/m3. For the range of absolute
humidity likely to occur in the atmosphere, the water vapor absorption in db/km is approx-
imately proportional to the water vapor density.

The total atmospheric absorption Aa decibels for a path of length T, kilometers
is commonly expressed in one of two ways, either as the integral of the differential absorp-

tion y(r) dr:

by

o
A = S y{r) dr db (3.1
: 0

or in terms of an absorption coefficient I'(r) expressed in reciprocal kilometers:

I I,
Aa = -10 log exp IV-S' T(r) dr-, = 4,343 y IL(r) dr db (3.2)
) 0 - 0



The argument of the logarithm in (3.2) is the amount of radiowave energy that is not absorbed

in traversing the path.

The total gaseous absorption Aa over a line-of-sight path of length T, kilometers is

o
Aa = SO dr [yo(h) + yw(h)] db (3.3)
where h is the height above sea level at a distance r from the lower terminal, measured
along a ray path between terminals, For radar returns, the total absorption is ZAa db.
Considering oxygen absorption and water vapor absorption separately, (3.3) may be
written

A =y db (3.4)

r +
a 00 €0 ¥

r
wo ew
d are effective distances obtained by integrati d
where r, and r ined by integrating Yo/Yoo an Yw/on

over the ray path.

The effective distances Teo and .., are plotted versus T, and frequency for ele-
vation angles 0o =0, 0,01, 0.02, 0,05, 0.1, 0,2, 0.5 1, and /2 radians in figures 3.2-3.4.
Figure 3.5 shows the relationship between r and the sea level arc distance, d, for these
values of 0 .

o

Aa may be estimated from figures I.21 to 1.26 of annex I, where attenuation relative
to free space, A, is plotted versus f{, eo, and T ignoring effects of diffraction by terrain.

For nonoptical paths, the ray from each antenna to its horizon makes an angle eot
or eor with the horizontal at the horizon, as illustrated in figure 6.1 of section 6. The

horizon rays intersect at distances d. and dZ from the transmitting and receiving terminals.

1
The total absorption A_ is the sum of values A and A
a at ar

(3.5

where A =A (f,e ,d) A =A (f, 8 ,d
a ot a or

at 1 ar Z)

For propagation over a smooth earth, eot = eor =0, and Aa E ZAa (f, 0, d/2). For trans-

horizon paths and the frequency range 0.1 - 10 GHz, figure 3.6 shows Aa plotted versus

distance over a smooth earth between 10 meter antenna heights.




3.2 Sky-Noise Temperature
The nonionized atmosphere is a source of radio noise, with the same properties as a
reradiator that it has as an absorber, The effective sky-noise temperature Ts may be de-
termined by integrating the gas temperature T multiplied by the differential fraction of re-
radiated power that is not absorbed in passing through the atmosphere to the antenna;

Ts('K) £ S

0

o0

r
T(r)I'(r) exp [-S T(r") dr'-’dr (3.6)
0 a

where the absorption coefficient I'(r) in reciprocal kilometers is defined by (3.2) For in-
stance, assuming

T(r) = (288 - 6.5h)°K for h = 12 km,
and

T(r) = 210°K for h =12 km,
figure 3.7 shows the sky-noise temperature due to oxygen and water vapor for various angles
of elevation and for frequencies between 0.1 and 100 GHz.

In estimating antenna temperatures, the antenna pattern and radiation from the earth's

surface must also be considered.
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3.3 Attenuation by Rain

The attenuation of radio waves by suspended water droplets and rain often exceeds
the combined oxygen and water vapor absorption. Water droplets in fog or rain will scatter
radio waves in all directions whether the drops are small compared to the wavelength or
comparable to the wavelength. In the latter case, raindrops trap and absorb some of the
radio wave energy; accordingly, rain attenuation is much more serious at millimeter wave-
lengths than at centimeter wavelengths.,

In practice it has been convenient to express rain attenuation as a function of the pre-
cipitation rate, Rr’ which depends on both the liquid water content and the fall velocity of
the drops, the latter in turn depending on the size of the drops. There is little evidence
that rain with a known rate of fall has a unique drop-size distribution, and the problem of
estimating the attenuation of radio waves by the various forms of precipitation is quite
difficult,

Total absorption Ar due to rainfall over a path of length r can be estimated by
integrating the differential rain absorption Y, (r)dr along the direct path between two inter-

visible antennas, or along horizon rays in the case of transhorizon propagation:

r

o
Ar = S‘ Y!_(r)dr decibels (3.7)
0

Fitting an arbitrary mathematical function empirically to theoretical results given by

Hathaway and Evans [1959] and Ryde and Ryde [1945], the rate of absorption by rain Y, may

be expressed in terms of the rainfall rate Rr in millimeters per hour as
a
Y, = KRr db/km (3.8)

for frequencies above 2 GHz. The functions K(fG) and a(fG) are plotted in figures 3.8

and 3.9, where fG is the radio frequency in GHz.

2 -4
K=[3(f;-2)" - 2(f;- 2)] X 10 (3.9a)
1
@= [1.14 - 0.07(f,- 2)° ] [1 +0.085(f - 3.5) exp(-0.006 fé)] (3.9b)

An examination of the variation of rainfall rate with height suggests a relation of the

form

R /R__=exp(-0.2 n?) (3.10)

3-4



where Rrs is the surface rainfall rate. Then

r~ YrsTer dt, o bty
r

o
a 2
Ypg = KRrB db/km, r. = So dr exp(-0.2 ah) km (3.12)

where Ypo is the surface value of the rate of absorption by rain, and rer is an "effective
rainbearing distance'., Figures 3,10-3,13 show r, , versus r for several values of Go
and a. The curves shown were computed using (3.12).

A 'standard" long-term cumulative distribution of rain absorption is estimated,
using some statistics from OChio analyzed by Bussey [1950], who relates the cumulative dis-
tribution of instantaneous path average rainfall rates for 25, 50, and 100-kilometer paths,
respectively, with the cumulative distributions for a single rain gauge of half-hour, one-hour,
and two-hour mean rainfall rates, recorded for a year. The total annual rainfall in Ohio is
about 110 centimeters,

Rainfall statistics vary considerably from region to region, sometimes from year
to year, and often with the direction of a path (with or across prevailing winds). For instance,
in North America, east-west systems seem particularly vulnerable, as they lie along the
path of frequent heavy showers,

For very long paths, the cumulative distribution of instantaneous path average rain-
fall rates, Er' depends on how Rr varies with elevation above the surface and upon the cor-
relation of rainfall with distance along the path. Figure 3,14 provides estimates of the
instantaneous path average rainfall rate Er exceeded for 0,01, 0,1, 1, and 5 percent of the
year as a function of LI and normalized to a total annual rainfall of 100 cm. To obtain Ar
from (3.11),replace Rrs in (3.12)with Rr from figure 3, 14, multiplied by the ratio of the

total annual rainfall and 100 cm. These estimates are an extrapolation of the results given

by Bussey [ 1950] and are intended to allow for the average variation of Rr with height, as
given by (3.10)and allowed for in the definition of L and for the correlation of surface rain-

fall rate Rrs with distance along the surface, as analyzed by Bussey.
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3.4 Attenuation in Clouds

Cloud droplets are regarded here as those water or ice particles having radii smaller
than 100 microns or 0.01 cm, Although a rigorous approach to the problem of attenuation by
clouds must consider drop-size distribution, it is more practical to speak of the water content
of clouds rather than the drop-size distribution. Reliable measurements of both parameters
are scarce, but it is possible to make reasonable estimates of the water content, M, of a
cloud from a knowledge of the vertical extent of the cloud and the gradients of pressure,
temperature, and mixing ratio, which is the ratio of the mass of water vapor to the mass

of dry air in which it is mixed, The absorption within a cloud can be written as

Ac = Kl M db (3.13)

1 is an attenuation coefficient,

values for which are given in table 3.1, and M is the liquid water content of the cloud,

where Ac is the total absorption attenuation within the cloud, K

measured in grams per cubic meter. The amount of precipitable water, M, in a given
pressure layer can be obtained by evaluating the average mixing ratio in the layer, multiplying
by the pressure difference, and dividing by the gravity. Using this method of obtaining M

and the values of Kl from table 3.1, it is possible to get a fairly reliable estimate of the
absorption of radio energy by a cloud.

Several important facts are demonstrated by table 3.1, The increase in attenuation
with increasing frequency is clearly shown. The values change by about an order of magnitude
from 10 to 30 GHz, Cloud attenuation can be safely neglected below 6 GHz. The data
presented here also show that attenuation increases with decreasing temperature, These
relations are a reflection of the dependence of the refractive index on both wavelength and
temperature. The different dielectric properties of water and ice are illustrated by the
difference in attenuation. Ice clouds give attenuations about two orders of magnitude smaller

than water clouds of the same water content.

TABLE 3.1

One -Way Attenuation Coefficient, Kl’ in db/km/gm/m3

Temperature
(°C) Frequency, GHz,
33 24 17 9.4
Water 20 0. 647 0.311 0.128 0. 0483
10 0.681 0. 406 0.179 0.0630
Cloud { 0 0.99 0.532 0.267 0. 0858
-8 1,25 0. 684 0. 34 0.112
{extrapolated) {extrapolated)
Ice 0 8.74% 107> 6.35% 107> 4.36 x 1073 2.46 x 1073
-10 2.93x 107> 2.11x 1073 1.46x 1070 8. 19x 1074
Cloud -3 -3 3 4
-20 2.0 X 10 1. 45 X 10 1.0 x10° 5.63 X 10°
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DIFFERENTIAL ABSORPTION 7 IN DECIBELS PER KILOMETER
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EFFECTIVE DISTANCES rpq AND r,, FOR ABSORPTION BY OXYGEN AND WATER VAPOR
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EFFECTIVE DISTANCE ry, IN KILOMETERS
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EFFECTIVE DISTANCES rgq AND 1oy FOR ABSORPTION BY OXYGEN AND WATER VAPOR

=1

~n
o

(X3
o

L3
&

~
>

(3
=3

o

EFFECTIVE DISTANCE reo IN KILOMETERS

8,=05, 1, 7/2
[ [ |
8,:05
0y 510 ~==-—-
8o 2w ——-—
/ [o1 6ehl
/////// o2
[FREQUENCY IN (;c/si
i |
// S
// N <] [01GC/A) fos]
7,1’---;-;?"4-—‘ {Q_' GC/s 02 i m )
Y e i —=Toz]_jo5] I8
r" L~ L "::.l—::».-- L ! /l
e ]
= 10
e e L ] Il:
7 gl P e e el i o 3 (]
g e 5. D S e S A e T X !
Rk s B Naiop 2 —
= ONH E 210 |
w;f i ——IT__ ]
| ) I i

2 4 6 8 10 12 K B 18 20 2 24 6 28 30 3R M % 3B 40 42 4 46 48 N
RAY PATH r, IN KILOMETERS

EFFECTIVE DISTANCE r,,, IN KILOMETERS

| | I
L |
6,05 |
8,210 ————~ :
L l
—{o1-100f
|t |
FREQUENCY IN GC/5 !
1] for=ro0 il B
) e i T 1
/4,—.—/:-‘:"" 0.-100 | ! |
”~ ' | |
A 1 1
2 3 4 5 8 0RO W5 s 1819 20 A 2 B u B
RAY PATH ry IN KILOMETERS

Figure 3.4




RAY PATH LENGTH ,r,,VERSUS SEA LEVEL ARC DISTANCE,d
6,:0,0.03,0.1,0.3,0.5, !

SEA LEVEL ARC DISTANCE d, IN KILOMETERS

=0
: i g==
=t = pass
mn m *mn Jx...- NO.U
- 23 It Hit 0.5 : ]
8 3 IS and pran
L. | $O04
e e
EEr T E j3 8854 S2Eii m.._..
i it 7 zs3iditi] S 5210
T 3 T 2x104 H
it  dham s i i
1 4r i
;nﬁ ﬂn* 1x10% } &
7 L i i I
. 5x103 .Wm
|
I AT 1L I
2x103
< i "m.. muu 3552 .- .
I 1x103 | H
I 3 151
- diis bl
szz:z it
H : = s3s
i i i i1
= HH i : : :
0 i e
b - ww“”
u )
. I
1l i
1 1
i
h=2x102 il 1
1] T L1

RAY PATH r, IN KILOMETERS

Figure 3.5

3-11



OXYGEN AND WATER VAPOR ABSORPTION IN DECIBELS
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Ts-SKY TEMPERATURE FOR OXYGEN AND WATER VAPOR IN DEGREES K
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RAINFALL ABSORPTION COEFFICIENT K V¥sS FREQUENCY
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EFFECTIVE DISTANCE 1y, IN KILOMETERS
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EFFECTIVE DISTANCE @, IN KILOMETERS
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PATH AVERAGE RAINFALL RATE, R,, IN MILLIMETERS PER HOUR
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4, DETERMINATION OF AN EFFECTIVE EARTH'S RADIUS

The bending of a radio ray as it passes through the atmosphere is largely determined
by the gradient of the refractive index near the earth's surface. In order to represent radio
rays as straight lines, at least within the first kilometer above the surface, an '"effective
earth's radius" is defined as a function of the refractivity gradient, AN, or of the surface
refractivity value Ns'

6
Ns=(ns- 1) x 10 (4.1)

where n is the atmospheric refractive index at the surface of the earth,
In the United States the following empirical relationship has been established between

the mean Ns and the mean refractivity gradient AN in the first kilometer above the surface:
AN/km = -7,32 exp(0.005577 Ns) (4. 2)

Similar values have been established in West Germany and in the United Kingdom, [CCIR 1963e].
In this paper values of NS are used to characterize average atmospheric conditions

during periods of minimum field strength. In the nortnern temperate zone, field strengths

and values of Ns reach minimum values during winter afternoons, Throughout the world,

regional changes in expected values of transmission loss depend on minimum monthly mean

values of a related quantity, No, which represents surface refractivity reduced to sea level:
Ns = Noexp(-O. 1057 hs) (4.3)

where hs is the elevation of the surface above mean sea level, in kilometers, and the
refractivity No is read from the map shown in figure {.! and taken from Bean, Horn, and
Ozanich [ 1960].

Most of the refraction of a radio ray takes place at low elevations, so it is appropriate
to determine No and hS for locations corresponding to the lowest elevation of the radio rays
most important to the geometry of a propagation path., As a practical matter for within-the-
horizon paths, hS is defined as the ground elevation immediately below the lower antenna
terminal, and No is determined at the same location. For beyond-the-horizon paths, hs
and No are determined at the radio horizons along the great circle path between the antennas,
and Ns is the average of the two values calculated from (4.3). An exception to this latter
rule occurs if an antenna is more than 150 meters below its radio horizon; in such a case,
hs and No should be determined at the antenna location.

The effective earth's radius, a, is given by the following expression:

a=a_[1-0.04665 exp(0.005577 Ns)]'l (4. 4)



where ) is the actual radius of the earth, and is taken to be 6370 kilometers, Figure .2
shows the effective earth's radius, a, plotted versus Ns' The total bending of a radio ray
which is elevated more than 0,785 radians (45°) above the horizon and which passes all the
way through the earth's atmosphere is less than half a milliradian., For studies of earth-
satellite communication ray bending is important at low angles, At higher angles it may often
be neglected and the actual earth's radius is then used in geometrical calculations,

Large values of AN and Ns are often associated with atmospheric ducting, which
is usually important for part of the time over most paths, especially in maritime climates,
The average occurrence of strong layer reflections, superrefraction, ducting, and other
focusing and defocusing effects of the atmosphere is taken into account in the empirical time
variability functions to be discussed in section 10, Additional material on ducting will be
found in papers by Anderson and Gossard [ 1953a, b], Bean [1959], Booker [ 1946], Booker
and Walkinshaw [ 1946], Clemow and Bruce-Clayton [ 1963], Dutton [1961], Fok, Vainshtein,
and Belkina [ 1958], Friend [ 1945], Hay and Unwin [ 1952], lkegami [ 1959], Kitchen, Joy,
and Richards [ 1958], Nomura and Takaku [ 1955], Onoe and Nishikori [ 1957], Pekeris [ 1947],
Schinemann [ 1957], and Unwin [ 1953].
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EFFECTIVE EARTH'S RADIUS, a, IN KILOMETERS
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5. TRANSMISSION LOSS PREDICTION METHODS FOR WITHIN-THE-HORIZON PATHS
Ground wave propagation over a smooth spherical earth of uniform ground conductivity

and dielectric constant, and with a homogeneous atmosphere, has been studied extensively.
Some of the results were presented in CCIR Atlases [ 1955, 1959]. Recent work by Bachynski
[ 1959, 1960, 1963], Wait [ 1963], Furutsu [1963], and others considers irregularities of
clectrical ground constants and of terrain. A distinction is made here between the roughness
of terrain which determines the proportion between specular and diffuse reflection of radio
waves, and large scale irregularities whose average effect is accounted for by fitting a straight
line or curve to the terrain.

A comprehensive discussion of the scattering of electromagnetic waves from rough
surfaces is given in a recent book by Beckmann and Spizzichino [ 1963]. Studies of reflection
from irregular terrain as well as absorption, diffraction, and scattering by trees, hills, and
man-made obstacles have been made by Beckmann [ 1957], Biot [1957a, b}, Kalinin [ 1957,
1958], Kiuhn [1958], McGavin and Maloney [ 1959], McPetrie and Ford [ 1946], McPetrie
and Saxton [ 1942], Saxton and Lane [ 1955), Sherwood and Ginzton [ 1955], and many other
workers. Examples of studies of reflection from an ocean surface may be found in papers by

Beard, Katz and Spetner [ 1956], and Beard [ 1961].

If two antennas are intervisible over the effective earth defined in section 4, geometric
optics is ordinarily used to estimate the attenuation A relative to free space, provided that
the great circle path terrain visible to both antennas will support a substantial amount of
reflection and that it is reasonable to fit a straight line or a convex curve of radius a to this
portion of the terrain, Reflections from hillsides or obstacles off the great circle path between
two antennas sometimes contribute a significant amount to the received signal. Discrimination
against such off-path reflections may reduce multipath fading problems, or in other cases
antenna beams may be directed away from the great circle path in order to increase the signal
level by taking advantage of off-path reflection or knife-edge diffraction. For short periods of
time, over some paths, atmospheric focusing or defocusing will lead to somewhat smaller or
much greater values of line-of-sight attenuation than the long-term median values predicted

for the average path by the methods of this section.

5.1 Line-of-Sight Propagation Over a Smooth or Uniformly Rough Spherical Earth

The simplest ray optics formulas assume that the field at a receiving antenna is made
up to two components, one associated with a direct ray having a path length r,,» and the other
associated with a ray reflected from a point on the surface, with equal grazing angles . The
reflected ray has a pathlength r + T, The field arriving at the receiver via the direct ray
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